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Thus, the tendency of profilin to trigger CD4+ T cells
depends both in vitro and in vivo on its recognition by
TLR11 and generation of MyD88-dependent signaling,
which result in enhanced uptake of the protein in
CD8a+ DCs. Surprisingly, in vitro stimulation of profi-
lin-specific CD4 T cells by DCs appeared to be only par-
tially dependent on TLR11 and MyD88 expression on
DCs because higher concentrations of profilin over-
came the requirement for both TLR11 and MyD88.
The most striking illustration of the immunodomi-
nance of profilin to induce specific CD4 T cell responses
was demonstrated when profilin was fused to OVA to
create a chimeric antigen that targets TLR11. Strong
anti-OVA-specific responses were only observed when
OVA was linked directly to profilin and not when both
were simultaneously injected. These findings indeed
prove that physical linkage of antigens to TLRs leads
to strong immune responses, presumably by initiating
MyD88-dependent signaling that regulates trafficking
to specific lysosomal compartments that may favor an-
tigen processing and presentation on MHC class II. Sim-
ilar results were obtained when OVA was coupled to the
TLR9 ligand CpG. Other bacterial proteins have been
also demonstrated to contain a TLR-targeting immuno-
dominant antigen, such as bacterial flagellin, recog-
nized by TLR5, which induces a strong CD4+ T cell
response to Salmonella typhimurium (Hayashi et al.,
2001). Thus, immunodominance of antigens might be
due to their intrinsic TLR-activating properties.
Although data demonstrate that TLR-dependent sig-
naling is required for efficient antigen processing and
presentation, the mechanism by which TLR11 signaling
is involved is unclear. More studies will be necessary to
identify the cellular components of this sorting machin-
ery regulated by TLRs. Yarovinsky et al. (2006) demon-
strate that profilin is taken up by only 2% of the CD8a+
DC subset in vivo, but in vitro binding assays will be
needed to prove unequivocably that TLR11 is needed
for actual profilin binding as well as uptake. TLR11
might be essential for phagosome maturation, as Blan-
der et al. (Blander and Medzhitov, 2006) found by using
LPS-coated particles. Further research will also be
needed to understand how antigen uptake by classical
uptake receptors such as scavenger receptors and
C-type lectins influences TLR-mediated antigen uptake,
signaling, and intracellular sorting routes.
It will be interesting to determine whether additional
pathogens contain components that intrinsically acti-
vate TLR and that target TLR for both DC maturation
and enhancement of antigen presentation. This selec-
tive antigen presentation might be more generalizeable,
and studies will have to demonstrate whether this
mechanism of biasing CD4+ T cell responses is benefi-
cial to the host or to the pathogen. Certainly, the use
of antigens with intrinsic TLR activity to induce strong
induction of immune responses will be very attractive
in a clinical setting, where they could be used to achieve
strong CD4-mediated immune responses.
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527The Bug in MyD88 Dependency
The contribution of MyD88 adaptor-mediated signal-
ing in immune responses to fungi is largely unex-
plored. In this issue of Immunity, Rivera et al. (2006)
show that MyD88 is dispensable in several aspects
of dendritic-cell trafficking and T cell differentiation
in response to a respiratory fungus.
Upon entry into the body, pathogens and their products
induce changes in the cells they encounter. These
alterations are crucial to set off immune defensemechanisms that result in either the eradication of the
pathogen or the establishment of a state of pathology-
free pathogen-host coexistence. Both tissue cells, such
as epithelial cells, and resident cells of the immune sys-
tem, such as dendritic cells (DCs) and macrophages,
express pathogen-recognition receptors that enable
them to respond to a variety of intruders. Members of
the Toll-like receptor (TLR) family form an important
class of these receptors and have been shown to be in-
volved in the induction of both innate and adaptive
immune responses. Microbial agents, such as the
TLR4 ligand lipopolysaccharide (LPS), initiate not only
the migration of resident DC to the tissue-draining
lymph nodes, where they can meet T cells, but also their
Immunity
528Figure 1. Protective Response against Fun-
gal Spores in the Airway
Fungal spores in the airway lumen activate lo-
cal dendritic cells (DCs), alveolar macro-
phages, and epithelial cells via various patho-
gen-recognition receptors (TLR2, TLR4,
dectin 1) and protease-activated receptors
(PAR). Induction of DC maturation via TLRs
during A. fumigatus infection is essential for
establishing a marked, protective Th1-cell
differentiation leading to T cells producing
IFN-g in the airway lumen. Rivera et al.
(2006) show that activation via TLR is not re-
quired for trafficking of DCs to the draining
lymph node, proliferation of T cells, or their
subsequent migration to the airway lumen.
However, signaling via TLRs and the adaptor
protein MyD88 results in optimal Th1 differen-
tiation and IFN-g secretion. Airway T cells can
secrete IFN-g independent of MyD88 signal-
ing, but the mechanism remains unclear. This
process could be due to the relief of inhibition
by Treg cells via IL-6 or the direct effect of IL-
12. IL-6 and possibly IL-12 may be produced
in a MyD88-independent manner (via dectin-
1, PAR) in the airway lumen by alveolar mac-
rophages and epithelial cells. The reduced
Th1 responses, as can occur in the absence
of MyD88 signaling, may be sufficient for
a protective response.functional maturation, which endows DCs with a unique
ability to induce full activation of naive T cells. After
maturation, DCs express high amounts of MHC class I
and II molecules and express ligands for costimulatory
receptors on T cells such as CD80, CD86, and CD70.
Moreover, they produce cytokines, such as interleu-
kin-12 (IL-12), that are important to regulate the quality
of the T cell response.
Myeloid differentiation factor 88 (MyD88) and Toll-IL-1
receptor (TIR)-related adaptor-protein-inducing inter-
feron (TRIF) are adaptor proteins downstream of TLRs
and feed two distinct signaling cascades. MyD88 hooks
up with all TLRs except TLR3, whereas TRIF can be-
come associated with TLR3 and TLR4. In the absence
of MyD88, the in vivo responses to LPS are severely di-
minished, but it is as yet unresolved whether MyD88 sig-
naling is crucial in the defense against complex micro-
bial agents and, if so, which aspects of the immune
response critically depend on this signaling pathway.
This is a relevant question because DCs express a vari-
ety of TLRs and other pathogen-recognition receptors
that may synergize to induce full activation, and media-
tors released by other local cells can activate DCs
(Spo¨rri and Reis e Sousa, 2005). Illustrative in this con-
text is that the development of a protective T helper 1
(Th1) cell response against Listeria monocytogenes oc-
curs independently of TLR4, TLR2, and MyD88 (Kursar
et al., 2004).
In this issue, Rivera et al. (2006) have addressed to
which extent the TLR-MyD88 pathway is involved in
the development of a Th1 response in the airways to
the fungusAspergillus fumigatus. Fungal infections con-
stitute major clinical problems in immunocompromised
hosts and sensitized allergic asthma patients. Previous
studies showed that a Th1 response, and in particular
interferon-g (IFN-g) production, protects againstinvasive Aspergillus infection. Rivera et al. show that
intratracheal instillation of A. fumigatus spores in wild-
type mice leads to the development of A. fumigatus-
specific CD4+ Th1 cells in the airways. In MyD88-
deficient mice, this Th1 response is severely reduced,
in line with previous findings for other microbial agents.
However, in an elegant series of experiments with trans-
ferred T cell receptor (TCR)-transgenic A. fumigatus-
specific T cells to wild-type and MyD88-deficient mice,
the authors show that MyD88 signaling enhances the
expression of the T-bet transcription factor in cognate
T cells in the lymph node and the potential of CD4+
Th1 cells to produce IFN-g in the airway. Importantly,
MyD88 was not involved in recruitment of naive T cells
to the draining lymph node, proliferation in the lymph
node, exit from the lymph node, and entry into the lung
or in T-bet upregulation in A. fumigatus-specific T cells
in the lung. Thus, MyD88 is required, but its involvement
is limited to an interestingly small window in the cas-
cade leading to Th1 cell differentiation, i.e., optimal pro-
duction of IFN-g by antigen-specific T cells (Figure 1).
The experiments reported by Rivera et al. may provide
a basis for further molecular analysis of the specific
contribution of MyD88-induced signaling pathway in
the buildup of protective immune responses to relevant
pathogens. An important question still to be answered
is whether MyD88 expressed by DCs is required for
the full T cell activation or, alternatively, whether expres-
sion on other cells, e.g., epithelial cells, suffices. T cells
that have not received the MyD88 signal in the lymph
node still acquire the ability to produce IFN-g, albeit at
a lower level in the airways. It will be interesting to ex-
plore the factors and mechanism(s) that can work inde-
pendently of MyD88. A possible candidate would be the
IFN-g-inducing cytokine IL-12, which can be produced
by airway epithelial cells.
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interesting issues concerning the contribution of indi-
vidual receptor systems and particular cells in the de-
fense against pathogens. First, there are two pathways
of DC activation: direct and indirect (Spo¨rri and Reis e
Sousa, 2005). In the direct pathway, DCs become acti-
vated via TLR and acquire the full ability to induce clonal
expansion of T cells and also induce their functional dif-
ferentiation. In the indirect mode, poorly understood
factors that are induced upon infection stimulate DCs
to acquire a number of costimulatory activities but not
the potential to steer T cell differentiation. The present
data for A. fumigatus appear to accord well with an in-
direct mode of DC activation. Another possibility to con-
sider is the involvement of regulatory T (Treg) cells.
MyD88-deficient DCs fail to produce optimal amounts
of IL-6. The pleiotropic cytokine IL-6 can make activated
T cells refractory to the suppressive effects of Treg cells
(defined as CD4+CD25+Foxp3+) (Pasare and Medzhitov,
2004). It is possible that Treg cells, in the absence of
MyD88 signals and thus low amounts of IL-6, suppress
specific features of A. fumigatus-specific T cells in
lymph nodes. However, after egress from the nodes
and entrance into the lung parenchyma, IL-6 produced
by lung epithelial cells and/or macrophages, for exam-
ple, may alleviate this suppression and allow for IFN-g
secretion. Induction of IL-6 by A. fumigatus can occur
independently of MyD88, via, for example, the b-glucan
receptor dectin-1 or activation of protease-activated re-
ceptors (PAR) by fungal proteases (Kauffman et al.,
2000). Irrespective of the mechanism of local T cell dif-
ferentiation, the amount of IFN-g produced in the lung
appears to be sufficient to induce an adequate protec-
tive response to deal with A. fumigatus because, with-
out additional immunosuppression, MyD88-deficient
mice survive the infection.
Whether the involvement of MyD88 for protective T
cell responses to other pathogens such as viruses and
bacteria is also limited to such a specific window in
the sequence of events leading to T cell activation re-
mains to be determined. The current findings with
Aspergillus and earlier with Listeria indicate that al-
though MyD88 is essential for adequate IFN-g-produc-
tion by CD4+ T cells, it might be dispensable for other
aspects of the immune response such as the induction
of CD8+ T cell expansion. The involvement of the TLR-
MyD88 pathway in T cell differentiation may depend
on the pathogen involved or, indeed, on the simulta-
neous exposure and activation of DCs to other microbial
agents. In real life, with airways and lungs continuously
exposed to microbes, MyD88-independent signals may
be able to take over from MyD88-dependent signals for
generating protective immune responses.
Another question is whether MyD88 deficiency affects
the development of memory immune responses. Proper
memory T and B cell responses depend on persistent
proper CD4 help, which relies on the initiation of thesecells by DCs. Fungal spores of A. fumigatus or Candida
albicans are present ubiquitously. The continuous expo-
sure to spores and the slow onset of these infections
require adequate memory T and B cell responses to
effectively counteract these infections. Specific anti-
bodies increase clearance of the fungus and improve
the capacity of antigen-presenting cells to present anti-
gens. Indirectly activated DCs (Spo¨rri and Reis e Sousa,
2005) can prime CD4+ T cells, but these cells are unable
to induce isotype switching of B cells. It can therefore be
expected that MyD88-deficient mice have a strongly di-
minished production of A. fumigatus-specific IgGs. The
transgenic A. fumigatus-specific T cells generated by
Rivera et al. could serve to assess the development of
T cells that help the humoral immune response and
maintain protective immune responses to this pathogen.
Interestingly, local immunity to frequently encoun-
tered pathogens appears to be prominent in the human
lung because this organ harbors relatively high numbers
of specific memory T cells, to, for instance, influenza vi-
rus (de Bree et al., 2005). In addition, these cells are
highly functional because they expand and differentiate
to mere stimulation with cognate peptide. Likewise,
lung tissue may also contain high numbers of memory
CD4+ T cells directed against frequently encountered
spores of fungi. The frequently observed clinical prob-
lems with fungal infections in immunosuppressed indi-
viduals demonstrate that the persistence of a pool of lo-
calized antigen-specific T cells is subject to frequent
renewal. The maintenance of these cells by MyD88-
dependent and MyD88-independent mechanisms may
be crucial to assuring life-long protection against infec-
tions by these invasive pathogens.
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